The counterregulatory response to insulin-induced hypoglycemia is mediated by the ventromedial hypothalamus (VMH), which contains specialized glucosensing neurons, many of which use glucokinase (GK) as the rate-limiting step in glucose's regulation of neuronal activity. Since conditions associated with increased VMH GK expression are associated with a blunted counterregulatory response, we tested the hypothesis that increasing VMH GK activity would similarly attenuate, while decreasing GK activity would enhance the counterregulatory response to insulin-induced hypoglycemia.
H
ypoglycemia is a major complication of insulin therapy for diabetes, and the incidence of hypoglycemia has increased as clinicians have attempted to maintain tighter control of blood glucose levels in diabetic subjects (1) . During hypoglycemia, declining glucose levels are detected by peripheral glucosensors and by specialized glucosensing neurons within select areas of the brain (2) . A subset of these glucosensing neurons reside in the ventromedial hypothalamus (VMH), a brain area that includes the arcuate hypothalamic nucleus (ARC) and ventromedial hypothalamic nucleus (VMN). Many previous studies have confirmed the importance of the VMH in mediating the counterregulatory response to hypoglycemia (3, 4) and suggest that the glucosensing neurons in this area might be critical regulators of these responses.
Glucokinase (GK) (hexokinase IV) is a likely candidate as a regulator of glucosensing in VMH neurons (5) (6) (7) (8) (9) (10) . In vitro, inhibiting GK activity with either RNA interference (RNAi) or with a variety of drugs reduces the sensitivity of VMN glucosensing neurons. On the other hand, pharmacological activation with Compound A increases their sensitivity to glucose (5) (6) (7) (8) 10) . Also, pharmacological inhibition of GK activity with alloxan in the raphe pallidus/ obscurus produces an avid feeding response, whereas prior application of higher toxic doses of alloxan completely abolishes this response (11) . Importantly, situations in which VMH GK mRNA is increased are associated with a dampened counterregulatory response to hypoglycemia (7, (11) (12) (13) (14) (15) . In addition, prior hypoglycemia increases the sensitivity of some glucosensing neurons in parallel with an increase in GK mRNA within the VMN and arcuate hypothalamic nuclei (15) . This caused them to be less activated at the higher glucose levels at which control neurons first responded. This result suggested that such neurons from animals with prior insulin-induced hypoglycemia and elevated GK activity would not trigger as great a counterregulatory response when glucose levels fell to comparable levels as naive animals during subsequent bouts of insulin-induced hypoglycemia. Despite such evidence, no studies have directly assessed the effects of manipulating VMH GK activity on the counterregulatory response to hypoglycemia. The current studies were carried out to test the hypothesis that the increasing VMN GK activity in vivo with a GK activator drug would dampen, whereas reducing GK mRNA expression and/or activity with drugs or RNAi would enhance, the counterregulatory response to insulin-induced hypoglycemia. Proof of these postulates would suggest that either preventing the increase in hypothalamic GK activity after single bouts of insulin-induced hypoglycemia or specifically lowering GK activity before subsequent bouts would provide a potential therapeutic target for improving the dampened counterregulatory response seen in tightly controlled diabetic subjects (16) .
RESEARCH DESIGN AND METHODS
Male Sprague-Dawley rats (Charles River Labs) were used with starting weights between 300 and 450 g. They were housed at 22-24°C on a 12:12 h light:dark cycle with lights off at 2000 and were provided with ad libitum Purina lab chow (#5001) and water. All procedures were approved by the East Orange VA Medical Center Institutional Animal Care and Use Committee. Placement of hypothalamic cannulae and vascular catheters. Experimental groups contained 6 -10 rats each. Animals were anesthetized with chloropent (pentobarbital, chloral hydrate, magnesium sulfate) and given buprenorphine postoperatively. For VMH cannula placements, 26-gauge guide cannulae or injection cannulae were angled at 20°to the vertical aiming at the junction between the ARC and VMN (Ϫ2.9 mm bregma, Ϯ3.7 mm midline and Ϫ8.5 mm dura). These injection sites are referred to as the "VMH," since preliminary injections of 1.0 l cresyl violet dye into this site spread to both the ARC and VMN. After 2-3 days, animals were again anesthetized, and jugular venous catheters were implanted and filled with heparinized polypropylene glycol by previously described methods (13) . Animals were allowed 6 -7 days with daily handling to recover their preoperative body weight. Terminally, all microdialysis probe and injection cannulae placements were verified histologically. Drug effects on the counterregulatory response to insulin-induced hypoglycemia. Rats (n ϭ 6 -10 per group) were provided with ϳ45 g food at lights off (2000) . At 1400 on the following day, any remaining food was removed, intracranial injection cannulae attached to tubing were inserted into the guide cannulae, and venous catheters were attached to tubing for blood sampling. At 1500, either vehicle (1.0 l saline, pH 3.0, or 1.0 l 1% DMSO) or drug (4 g alloxan in saline or 0.5 nmol Compound A in 1% DMSO, respectively) were injected bilaterally over 5 min simultaneously at 0.2 l/min. Compound A (Merck Research Labs) is an analog of a previously characterized GK activator (17) . After another 1 h (1600), 0.6 ml baseline blood was obtained, followed by infusion of 5 units/kg i.v. pork insulin (Lilly). Blood samples (0.6 ml) were drawn at 30, 60, 90, and 120 min thereafter for subsequent measurements of plasma glucose, norepinephrine, epinephrine, and glucagon. After each sampling, plasma volume was replaced with saline, and washed red cells from the same rat's previous sampling period were returned to maintain red cell volume as previously described (13) .
At 24 h after the injection of insulin, those rats that had received low-dose VMH alloxan (4-g) injections plus insulin-induced hypoglycemia were then injected with 24 g alloxan in 1 l saline, and those that had received saline were again injected with saline bilaterally through the VMH cannulae. Although low-dose alloxan produces a pharmacological inhibition of GK in vitro (8) , the higher dose causes a permanent reduction in GK mRNA (11) . After an additional 6 -7 days, both groups were subjected to a second bout of insulin-induced hypoglycemia with blood collection over 120 min. Within 1-3 days, brains were removed for histological verification of injection sites, and micropunches of the VMH (ARC plus VMN) for real-time quantitative PCR were taken according to our previous description (8) . Adenoviral vector injections. Adenoviruses expressing short hairpin RNA (shRNA) for either GK or a scrambled sequence were grown and quantitated according to the methods of Bain et al. (18) . A total of 15 million infectious units of virus in 1.0 l were injected bilaterally in both the ARC (Ϫ9.6 mm dura) and VMN (Ϫ9.3 mm dura) at 5.9 mm anterior to the intra-aural line and 0.3 mm lateral to the midline. After preliminary studies established that maximal (65-75%) selective reductions in GK mRNA occurred between 7-10 days after adenoviral injections, additional rats were tested for their counterregulatory response to insulin-induced hypoglycemia 7-10 days after comparable VMH adenoviral injections. They were killed for assessment of VMH mRNA expression at 14 days after viral injections. Assays for GK enzyme activity. Brains from naive rats (n ϭ 8) were killed in the semi-fasted state (see above), and the VMH was dissected bilaterally, homogenized, pooled, and aliquoted into quadruplicate samples. These samples were assayed immediately for GK enzyme activity at concentrations of 0.5, 1, 5, 10, 20, and 50 mmol/l glucose. Additional samples were incubated in 0.5, 1.0, and 10 mmol/l glucose in the presence of the GK activator, Compound A (0.5 mmol/l in 0.3% DMSO) (8) . No higher glucose concentrations were used with Compound A, since it was anticipated that GK activity would be maximal at 10 mmol/l glucose in its presence.
Freshly dissected VMH tissue from other naive rats (n ϭ 6) was pooled, aliquoted, and incubated at 0.5 or 20 mmol/l glucose in the presence or absence of 4 nmol/l alloxan. We previously showed that this concentration of alloxan reversibly alters the responsiveness of dissociated VMN glucosensing neurons to glucose (7, 8) and is 1,000-fold higher than the dose that halfmaximally inhibits purified GK (19) . A third set of rats were injected bilaterally in the VMH with adenovirus expressing GK shRNA or nonsense RNA (18) (n ϭ 6 per group) and were killed 10 days later. VMH punches were removed for GK enzyme assay and were frozen at Ϫ80°C for up to 14 days for GK assays.
GK enzyme activity in VMH tissue was assessed using a fluorometric assay that monitors NADPH production, by minor modifications of the methods of Zelent et al. (20) . Activity measured at 0.5 mmol/l glucose (saturating concentration for hexokinase I) was taken as representing hexokinase I activity and that at 20 mmol/l (near-saturating glucose concentration for GK) minus that at 0.5 mmol/l as representing GK activity. GK activity was expressed as relative units (Compound A studies) or as microunits per microgram protein, where authentic hexokinase I (Sigma) was used as an internal standard (GK shRNA and acute alloxan studies). Protein levels were measured using the BCA Protein Assay Kit (Thermo Scientific). Assays of blood and brain tissues. Plasma catecholamines were measured using high-performance liquid chromatography with electrochemical detection as previously described (13) . Glucagon levels were measured by radioimmunoassay (Linco) and glucose by automated glucose analyzer (Analox). The brains of rats treated with high-dose (24 g) alloxan and with adenoviral vectors had the VMH micropunched and assayed for real-time quantitative PCR by previously described methods (8, 21) . Statistical analysis. Serial blood determinations were analyzed by repeated measures one-way ANOVA with post hoc correction by Bonferroni's test. Area under the curve (AUC) was calculated using the trapezoidal method for the change in glucose, norepinephrine, epinephrine, and glucagon levels from baseline. For single measures, groups were compared by an unpaired t test.
RESULTS
Effects of increasing VMH GK activity on the counterregulatory response. Initial in vitro studies showed that there was a concentration-dependent increase in calculated GK activity between 1 and 50 mmol/l glucose ( Fig. 1) , where GK activity was taken as 0 at 0.5 mmol/l glucose, the concentration at which all of the measured hexokinase activity was assumed to be due to hexokinase I. The level of calculated GK activities at 10 and 20 mmol/l glucose were 12 and 19% of total hexokinase activity, respectively (after subtracting presumptive hexokinase I activity at 0.5 mmol/l glucose). Thus, maximum calculated hexokinase I activity at 20 mmol/l glucose comprised a minimum of 81% of total VMH hexokinase activity. However, in the presence of the GK activator, Compound A, GK activity was reliably detected at 0.5 and 1 mmol/l glucose after subtracting for the hexokinase activity at 0.5 mmol/l glucose measured in the absence of the drug (Fig. 1) . At 10 mmol/l glucose, calculated GK activity was sixfold greater in the presence of Compound A than in its absence. Finally, no GK activity was found in samples of frontal cerebral cortex (data not shown). This is in keeping with the absence of GK mRNA in this brain area, as assessed by both RT-PCR (9) and in situ hybridization (7) .
When injected bilaterally into the VMH in vivo, 0.5 nmol Compound A had no effect on baseline glucose, epinephrine, norepinephrine, or glucagon levels compared with vehicle controls (data not shown). Also, Compound A produced no overall difference in glucose AUC (Table 1) or overall glucose levels during the entire 120 min of testing as assessed using a one-way ANOVA for repeated measures. Although this lack of difference precludes valid post hoc analysis of individual time points, the glucose nadir during insulin-induced hypoglycemia was 30% higher than vehicle controls at the 90-min time point in rats injected with Compound A (Fig. 2) . While glucose values were marginally (and not significantly) higher at 30 min (22%) and 60 min (4%) in rats treated with Compound A, the corresponding epinephrine values were reduced by 47 and 57%, the norepinephrine values by 46 and 48%, and glucagon values by 34 and 38%, respectively. Also, the AUC over 120 min for epinephrine, norepinephrine, and glucagon levels were 50, 62, and 50% lower in rats injected with Compound A (Table 1 ) and the epinephrine, norepinephrine, and glucagon maxima were 60% (P ϭ 0.01), 30% (P ϭ 0.03), and 31% (P ϭ 0.04) lower than in vehicle-injected rats over the 120 min after insulin injections (Fig. 2) . Thus, although there might have been a somewhat reduced stimulation of the counterregulatory response due to slightly higher glucose levels, the time point by time point and overall reductions for epinephrine, norepinephrine, and glucagon were much greater than the marginal increases in glucose. Whereas this issue might have been clarified by clamp studies, the overall results strongly suggest that increasing VMH GK activity with infusions of Compound A reduces the counterregulatory responses to insulin-induced hypoglycemia to a much greater degree than they increase plasma glucose levels. Effects of reducing VMH GK mRNA and "activity" with alloxan. In vitro incubation of pooled VMH tissue samples with 4 nmol/l alloxan produced a 19% reduction in measurable GK activity (control: 0.95; alloxan: 0.77 U/g protein). We next injected rats bilaterally in the VMH with 4 g alloxan per side. This is four times the dose that stimulates a robust food intake response when injected into the raphe pallidus/obscurus in the medulla (11) . These acute alloxan injections had no effect on baseline levels of glucose, epinephrine, norepinephrine, or glucagon (data not shown). However, the acute injections increased peak epinephrine levels by 27% (P ϭ 0.05; Fig. 3 ) and epinephrine AUC values by 28% (Table 2 ) compared with salineinjected controls during insulin-induced hypoglycemia. On the other hand, there was no effect of these acute alloxan injections on the decline in glucose or rise in norepinephrine or glucagon levels during insulin-induced hypoglycemia.
At 6 -7 days after bilateral VMH injections of 24 g alloxan, there were no differences in baseline levels of glucose, epinephrine, norepinephrine, or glucagon (data not shown). However, peak epinephrine levels were increased by 28% (P ϭ 0.04) and AUC by 44% compared with controls over the 120 min of insulin-induced hypoglycemia (Fig. 4, Table 2 ). As with the pharmacological dose of alloxan, there were no effects on glucose, norepinephrine, or glucagon levels. Rats were killed at 7-10 days after the initial injections of 24 g alloxan, and GK mRNA levels were 74% of saline-injected levels ( Table 2 ). This was presumed to be due to the toxic effect of alloxan on glucosensing neurons at high dosages (11) . Reduction of VMH GK mRNA expression with GK shRNA. Initial studies demonstrated a progressive reduction of VMH GK mRNA in the GK shRNA-injected rats, which reached a nadir at 25-35% between 7 and 10 days and rose to 73% of that in scrambled mRNA rat levels at 14 days after injection (Fig. 5 ). These effects were selective for GK mRNA, since neither hexokinase I nor cyclophilin mRNA expression was affected (Fig. 5) . However, although injections of adenovirus expressing GK shRNA into the VMH reduced GK mRNA expression by 75% after 10 days, similar injections had no effect on measurable GK activity in VMH tissues taken from additional rats (n ϭ 6 per group) injected with this virus (2.12 ϩ 0.31 U/mg protein) compared with that expressing scrambled RNA (2.21 ϩ 0.52 U/mg protein). When tested at baseline, Rats (n ϭ 6 -10 per group) were injected bilaterally in the VMH with 1 l saline or saline containing 4 g alloxan and then 1 h later, after baseline blood drawing, with 5 units/kg i.v. insulin, with blood drawing over 120 min for plasma glucose, epinephrine, norepinephrine, and glucagon levels. The next day, they were injected with saline or alloxan (24 g) and then were retested 6 -7 days later during insulin-induced hypoglycemia (IIH). Rats were killed after 2-5 days, and VMH, GK, and hexokinase I (HKI) mRNA expression was assessed relative to cyclophilin (cyc). Data are means Ϯ SE AUC. *P Ͻ 0.05 or less saline vs. alloxan, †P ϭ 0.05 or less 4 vs. 24 g alloxan. prior GK shRNA injections had no effect on baseline levels of glucose, epinephrine, norepinephrine, or glucagon at 10 -14 days (data not shown).
Despite our inability to demonstrate a decrease in GK activity in the face of a 75% decrease in VMH GK mRNA, rats injected with GK shRNA had peak epinephrine levels that were increased by 40% (P ϭ 0.01; Fig. 6 ), AUC levels that were increased by 25%, and peak glucagon levels that were increased by 26% (P ϭ 0.05) compared with values in rats injected with scrambled RNA rats ( Table 3) . On the other hand, there was no effect on glucose, norepinephrine levels, AUC, or glucagon AUC values between the groups during insulin-induced hypoglycemia.
DISCUSSION
The current studies represent the first evidence that direct manipulation of VMH GK mRNA expression or activity can alter the counterregulatory response to insulin-induced hypoglycemia. Based on our previous studies demonstrating that situations in which increased VMH GK mRNA were associated with a reduced responsiveness of VMH glucosensing neurons (15) and a dampened counterregulatory response to comparable levels of glucose during insulin-induced hypoglycemia compared with controls (7, 12, 15) , we postulated that increasing VMH GK activity pharmacologically would also blunt these responses. We found that the GK activator drug, Compound A, produced a marked activation of GK activity in vitro and led to a substantial blunting of the epinephrine, norepinephrine, and glucagon responses to insulin-induced hypoglycemia when injected into the VMH in vivo. On the other hand, reducing VMH GK mRNA or activity by three different methods had a more modest and relatively selective effect on the counterregulatory response. Pharmacological inhibition of GK with low-dose alloxan (7, 10, 19) led to a 19% reduction in measurable GK activity in vitro, but acute VMH injection of a comparably low-dose alloxan produced only a modest and selective increase in the epinephrine response to insulin-induced hypoglycemia in vivo. When VMH GK mRNA was chronically reduced by 26% after high-dose alloxan injections, the response to insulin-induced hypoglycemia was the same as that seen after acute alloxan injections. Reducing VMH GK mRNA levels further to 65-75% of control levels by injecting adenovirus expressing GK shRNA into the VMH produced a comparable increase in the epinephrine peak and AUC to both alloxan studies. In addition, there was a modest increase in the peak, but not overall, AUC glucagon response to insulininduced hypoglycemia. For unexplained reasons, these injections failed to reduce GK activity in vitro, despite the large decreases in GK mRNA they caused.
Most importantly, the GK activator results support our hypothesis that the increase in VMH GK mRNA expression that follows a prior bout of hypoglycemia is likely to be associated with increased GK activity, which contributes to the blunting of the counterregulatory response during subsequent bouts (7, 15) . Further support for this hypothesis was provided by our previous studies in which a reversible increase in VMH GK mRNA after intraventricular injections of alloxan was paralleled by a time-linked reversible blunting of the counterregulatory response (12) . On the other hand, the much less robust increase in the counterregulatory response when VMH GK mRNA or activity were reduced may be because brain glucose levels fall at the lowest end of the GK activity curve during hypoglycemia (0.3-0.5 mmol/l) (19, 20, 22) . Thus, experimentally reducing VMH GK activity to levels below its already very low (and almost immeasurable) physiological levels would be less likely to affect the counterregulatory response than would increasing VMH GK activity. Clinically, this suggests that a potential intervention that could inhibit GK mRNA or activity during a single bout of insulin-induced hypoglycemia would have only a limited effect on enhancing the counterregulatory response. However, since prior insulin-induced hypoglycemia raises GK mRNA levels, such an intervention might provide a means of preventing the downregulation of the counterregulatory response that occurs after recurrent bouts of insulininduced hypoglycemia (16) .
It is worth noting that our inability to reliably measure decreased GK activity, even in the face of 75% reductions in GK mRNA over several days, is likely because the threshold sensitivity of virtually all GK assays is just below the normally low amounts of GK found in the VMH by either mRNA or protein expression (7, 9, (23) (24) (25) (26) . It is unlikely that the failure to document a decrease in GK activity in the face of large reductions in GK mRNA was due to prolonged stability of GK protein. We previously demonstrated that similar reductions of GK mRNA using RNA interference in vitro virtually abolished VMH neuronal glucosensing within 72 h (8) , suggesting that GK protein activity could be completely eliminated in no more than 72 h. In both the high-dose alloxan and shRNA studies, we tested animals well after this time frame. The problem is more likely because GK activity is not measured directly by available assays. Instead, it is estimated as the difference between hexokinase activity at 0.5 mmol/l glucose, at which hexokinase I, the predominant brain hexokinase (24, 26) , should be fully saturated, and 20 mmol/l glucose, at which GK should be nearly saturated (19, 20) . In fact, it is questionable if previous or current estimates suggesting that GK activity comprises upwards of 20% of hypothalamic hexokinase activity are correct (24, 26) . GK mRNA levels are extremely low in whole VMH tissue. It is present only in glucosensing neurons in the VMH, and these neurons make up no more than 20 -30% of Data are means Ϯ SE. Rats (n ϭ 6 -10 per groups) were injected in the VMH with scrambled RNA-or GK shRNA-expressing adenoviruses and assessed 7-10 days later for their responses to insulin-induced hypoglycemia. Abbreviations are the same as in Table 1 . *P ϭ 0.05 or less comparing scrambled to GK shRNA rats.
all neurons in the VMH (7, 9, 10 The fact that manipulations of VMH GK did not more markedly affect the counterregulatory response to insulininduced hypoglycemia is likely because GK is only one of several potential mechanisms that regulate the counterregulatory response to hypoglycemia. First, not all glucosensing neurons in the VMH express GK (10) . Other regulators of neuronal glucosensing such as AMP-activated protein kinase have been identified in glucosensing neurons (27) , and manipulation of its activity in the VMH alters the counterregulatory response to hypoglycemia (28) . Given its exquisite sensitivity to low-energy states, it is likely that this enzyme, which is downstream of GK, may take on a very important role in altering neuronal activity during hypoglycemia (29) . Second, a number of neurons that are not necessarily glucosensing in type may be influenced by changes in local neurotransmitters such as ␥-aminobutyric acid (GABA) (30, 31) , glutamate (32) , and norepinephrine (33) or neuropeptides such as corticotrophin-releasing hormone and urocortin (34) , which are altered during insulin-induced hypoglycemia. Finally, although glucose-excited neurons clearly use the ATP-sensitive K ϩ channel to mediate their glucosensing (7, 10, 35, 36) , these channels are present on nonglucosensing neurons (10) . This may cause such neurons to become inactivated at the low ambient glucose levels present in the brain during hypoglycemia, even though they have no intrinsic glucosensing properties (37) . Thus, both nonglucosensing and glucosensing neurons in the VMH that do not use GK may be called into play to produce the full counterregulatory response to insulin-induced hypoglycemia.
In the current and previous studies, we used bolus injections of insulin to produce hypoglycemia in an attempt to mimic the responses seen in diabetic subjects who inadvertently become hypoglycemic after injecting insulin. In our hands, this provides a reproducible and self-limited period of hypoglycemia and associated increases in plasma epinephrine, norepinephrine, and glucagon levels (13, 14) . A major disadvantage of this method is that it obviates the measurement of changes in peripheral glucose utilization, as can be assessed using a hyperinsulinemic-hypoglycemic clamp (32, 34, 38, 39) . However, this should not be a problem for evaluating the results of our current studies, since glucose levels generally fell to the same levels, regardless of whether there were changes in epinephrine, norepinephrine, and glucagon responses. Even where nadir glucose levels were higher after VMH injections of Compound A, this elevation occurred only at the 90-min time point during insulin-induced hypoglycemia, whereas the maximal reductions in epinephrine, norepinephrine, and glucagon occurred during the first 60 min of the hypoglycemic response. Thus, it is likely that the differences in counterregulatory response to both increasing and decreasing putative GK activity in the VMH were a response to those manipulations and not to differences in the levels of glucose attained.
In conclusion, GK is an important mediator of neuronal glucosensing in the VMH in vitro. Here we demonstrate that in vivo manipulation of GK mRNA expression and enzyme activity in the rat VMH alters the counterregulatory response to insulin-induced hypoglycemia, as measured by plasma glucose, epinephrine, norepinephrine, and glucagon levels. The most profound effect was a blunting of these counterregulatory responses when VMH GK activity was increased, as presumably occurs after prior bouts of insulin-induced hypoglycemia (7) . The low levels of GK expression in the normal brain (7, (23) (24) (25) (26) and the low affinity of GK in relationship to the levels of brain glucose, particularly during insulin-induced hypoglycemia (22) , probably explain the smaller effect of lowering than raising VMH GK activity. In addition, as opposed to increased VMH GK (7, 12) , there are no known physiological or pathological states in which decreased VMH GK activity or mRNA expression have been documented. Whereas GK is a critical mediator of neuronal glucosensing (5, 7, 8, 10) , there are clearly other mediators of function in glucosensing and nonglucosensing neurons that are affected by the low levels of brain glucose that occur during insulin-induced hypoglycemia. Thus, it may be that, because of its low affinity for glucose compared with hexokinase I, GK functions best as a neuronal glucosensing regulator when brain glucose levels are within the normal physiological range. However, during severe hypoglycemia, GK may play a less prominent role in stimulating the counterregulatory response than enzymes such as AMP-activated protein kinase, which are highly sensitive to low levels of ATP. According to this scenario, only when its expression is increased after a prior bout of hypoglycemia would GK play a significant role in dampening the counterregulatory response by increasing the flux through the glycolytic pathway in glucosensing neurons. Our current challenge is to define further the cellular machinery by which neurons sense and respond to low levels of glucose and the neuronal networks involved in the counterregulatory response to hypoglycemia. Our current and previous findings (15) suggest that a pharmacological intervention that could provide either primary prevention or secondary lowering of the elevated hypothalamic GK levels that occur after even a single bout of insulin-induced hypoglycemia would enhance the dampened counterregulatory response to recurrent bouts of hypoglycemia seen in diabetic subjects with tight blood glucose control.
